Abstract: Pollen beetle (Meligethes aeneus F.) (PB) is one of the most serious pest in rapeseed cultivations in Poland and in other European countries. The pest is known because of its high metabolic potency towards various toxins. Constant and strong selective pressure of different insecticides used to control this pest, has resulted in resistance of PB to many active substances. In connection with this situation, constant monitoring of pollen beetle susceptibility level to all recommended active substances of insecticides is necessary. The objective of the study was to determine the effectiveness of active substances, most often used in Western Poland for PB control. Resistance of pollen beetle to some pyrethroid active substances and organophosphorous insecticide -phosalone and high susceptibility to chlorpyrifos-ethyl was found. Resistance of pollen beetle requires constant insecticide susceptibility level monitoring and using IRM strategy.
INTRODUCTION
Synthetic insecticides have been widely used for controlling pollen beetle in Poland for over 50 years. The decrease of effectiveness of some active substances belonging to chlorinated hydrocarbons group (DDT, lindane, metoxychlor) against pollen beetle was found in Western Poland in the sixties and the seventies of the past century (Ląkocy 1967) . These compounds were withdrawn in Poland and replaced with carbamates, organophosphates, pyrethroids and neonicotinoid insecticides. In connection with the information concerning the lack of effectiveness of numerous pyrethroid insecticides in PB control, the Institute of Plant Protection in Poznań started monitoring susceptibility level of PB to active substances of this chemical group and organophosphates and neonicotinoids as well. Nowadays, constant monitoring of PB susceptibility to insecticides is essential for working out insecticide resistance management strategies, necessary for maintaining the effectiveness of chemical control.
MATERIALS AND METHODS

Insecticides (commercially available products):
Pyrethroids:
-bifenthrin (Talstar 100 EC) -100 g of active substance per 1 l of product; recommended field concentration against PB in Poland: 50 ppm, -tau-fluvalinate (Mavrik 240 EW) -240 g of active substance per 1 l of product; recommended field concentration against PB in Poland: 240 ppm, -esfenvalerate (Sumi-Alpha 050 EC) -50 g of active substance per 1 l of product; recommended field concentration against PB in Poland: 62.5 ppm, -beta-cyfluthrin (Bulldock 025 EC) -25 g of active substance per 1 l of product; recommended field concentration against PB in Poland: 31.25 ppm, -zeta-cypermethrin (Fury 100 EW) -100 g of active substance per 1 l of product; recommended field concentration against PB in Poland: 50 ppm.
Neonicotinoids: -acetamiprid (Mospilan 20 SP) -200 g of active substance per 1 kg of product; recommended field concentration against PB in Poland: 120 ppm.
Organophosphates: -chlorpyrifos-ethyl (Pyrinex 480 EC ) -480 g of active substance per 1 l of product; recommended field concentration against PB in Poland: 1440 ppm, -phosalone (Zolone 350 EC) -350 g of active substance per 1 l of product; currently withdrawn -recommended field concentration against PB in Poland was: 3500 ppm.
Recommended field concentrations were calculated assuming that the highest recommended dose of a com-mercial product and 200 l of water are used per hectare. Recommended field concentrations (the concentrations giving about 100% mortality) were established during field experiments for the registration of a given insecticide.
MATERIALS AND METHODS
In 2005-2007 pollen beetles and non-infested, untreated plant material was collected for testing from 4 distant fields representing populations occurring in the Wielkopolska region (Western Poland): Nowy Tomyśl, Skoki, Winnagóra, Rogalinek. Plant material (leaves, stems and inflorescences) of about 30 cm in length, in the phases: from BBCH (Biologische Bundesanstalt, Bundessortenamt und Chemical Industry) 51 to BBCH 61 was collected to plastic boxes. Dependently on climate conditions and rape variety, this period takes place in Poland from the April 15th to the May 10th. Insects were collected from the same fields as plants and were placed into the insulators made of airy material and filled with rape plants. Plants and insects were then transported and kept in the laboratory for 24 hours. Insects were kept in the temperature of 10°C (climatic chamber), and plants were placed in containers with water.
In laboratory tests a standard method recommended by Insecticide Resistance Action Committee (IRAC method No. 7) was used. Demineralised water solutions of tested active substances of commercially available products were used in 5 to 8 selected concentrations, expressed in parts per million (ppm). The initial concentrations were different, depending on a particular insecticide. They were determined on the base of concentrations causing insect mortality above 50% and below 100%. In case of pyrethroids the initial concentrations were 200-300% of a field dose, depending on a particular active substance. In case of acetamiprid the initial concentration was 200% of a field dose and for chlorpyrifos-ethyl it was 0.2% of a field dose. Rape inflorescences and leaves were dipped in test solutions of the various insecticide concentrations for about five seconds, then placed on a paper towel to dry in the laboratory conditions (20-22°C) for 3 hours.
Control inflorescences and leaves were dipped in demineralised water. Untreated and treated dry plant material was placed into 0.9 l jars with 10 cm diameter filter paper lining on the bottoms. The length of plant material was of the height of a jar (15 cm), and its weight was 20 g. It was aimed at ensuring a frequent contact of plants with the insects. One hundred of beetles were placed in each jar. The jars were closed with airy material for ensuring a good evaporation and ventilation. Each concentration comprised of three replications and the control. A final assessment (lethal effects of the active substances of insecticides) was determined after 24 hours of insecticide application and expressed as per cent mortality of insects at each dose, in relation to untreated control mortalities using Abbott's formula (Abbott 1925) if needed (mortality above 10%). At each assessment, beetles were classified as either: (a) unaffected, giving a normal response (such as taking a coordinated step, able to fly) (b) dead or affected, giving an abnormal response to stimulation. Tests were performed in laboratory conditions at 20-22°C and photoperiod of 16:8 (L:D). Lethal concentrations (LC50 and LC95) were calculated using computer program based on Finney probit analysis method (Finney 1952 ) and expressed in ppm of active substance.
To assess the resistance of a given population of pollen beetle beetles, the resistance coefficient was calculated as follows:
Resistance coefficient (RC) = LC 95/recommended field dose
The following criteria for resistance assessment were assumed:
RC ≤ 1 -the lack of resistance RC = 1.1-2 -low resistance RC = 2.1-5 -medium resistance RC = 5.1-10 -high resistance RC > 10 -very high resistance
RESULTS
Research results (Tables 1-4 ) showed, that in many cases recommended doses of pyrethroid active substances did not cause 50% mortality of tested insects. It was indicated by calculations of LC50 values. Such results were obtained in all cases of beta-cyfluthrin, in one case of bifenthrin (Nowy Tomyśl 2007), in six cases of esfenvalerate (Winna Góra 2007 , Nowy Tomyśl 2005 , Rogalinek 2005 , Skoki 2007 and in ten cases of zeta-cypermethrin (Winna Góra 2007 , Nowy Tomyśl 2005 , Rogalinek 2005 , Skoki 2005 . LC95 values calculated for tested pyrethroid active substances exceeded recommended doses in all cases.
There were significant differences among resistance coefficient values concerning tested pyrethroids. Resistance coefficient calculated for tau-fluvalinate indicated low resistance of pollen beetle in two cases (Winna Góra 2007 , Nowy Tomyśl 2007 and medium resistance also in two cases (Rogalinek 2007 , Skoki 2007 . Differences in resistance coefficient values among populations were low.
Resistance coefficient values for bifenthrin were more variable than in case of tau-fluvalinate. Its values indicated low resistance in two cases (Winna Góra 2005 , medium resistance in seven cases (Winna Góra 2007 , Nowy Tomyśl 2005 , Rogalinek 2005 , Skoki 2005 , and high resistance in three cases (Rogalinek 2007 , Skoki 2006 . Differences among populations were not high: resistance coefficient from 1,56 (Winna Góra 2006) to 8,92 (Skoki 2007) .
Resistance coefficient for esfenvalerate showed medium resistance in three cases (Winna Góra 2005 , Rogalinek 2006 , Skoki 2005 , high resistance also in three cases (Winna góra 2006 , Skoki 2006 and very high resistance in the remaining six cases (Nowy Tomyśl 2005 , Rogalinek 2005 , Skoki 2007 Results of research on acetamiprid action, in which recommended dose of the active substance did not cause 50% mortality of beetles, were obtained only in two cases (Nowy Tomyśl 2007 , Skoki 2007 . In the remaining experiments LC50 level was recorded at doses lower than the recommended ones. LC95 was recorded at doses exceeding the recommended one, apart from the population of Differences in the effectiveness of the two tested active substances of organophosphorous group were high. In case of chlorpyrifos-ethyl 50% mortality of insects (LC50) were observed at doses between 0.1 and 1.8 ppm (while recommended dose is 1440 ppm). The other active substance -phosalone -showed much worse toxicity than chlorpiryfos-ethyl. In one case LC50 was higher than the recommended dose (Nowy Tomyśl 2007). In the remaining cases LC50 values were lower than the recommended dose. While LC95 levels for chlorpiryfos-ethyl were always much lower than the recommended dose, for phosalone they were higher than the recommended dose in all cases. In case of chlorpiryfos-ethyl, all populations in all years of research showed the lack of resistance to this active substance. For phosalone, the resistance coefficient indicated a high resistance in one experiment (Winna Góra 2005) and in the remaining ones a very high resistance.
In our research PB populations from all four populations demonstrated the highest level of resistance to beta-cyfluthrin, zeta-cypermethrin, esfenvalerate and phosalone. Some level of resistance was noticed also to tau-fluvaslinate, bifenthrin and neonicotinoid insecticide -acetamiprid, however this PB resistance was low. Chlorpyrifos-ethyl was the most effective active substance and no resistance of pollen beetle was recorded in this case.
DISCUSSION
PB is the insect species that has a very strong evolutionary selected natural resistance. The resistance concerns many natural and synthetic toxins, so PB probably can develop a very strong resistance to some synthetic active substances used to control this pest in Poland and in other European countries (Hansen 2003; Hansen 2008; Ląkocy 1967; Richardson 2008; Tillikainen and Hokkanen 2008; Węgorek 2005; Węgorek and Zamojska 2006; Obrępalska-Stęplowska et al. 2006) . Presented experiments were conducted in connection with many signals on the lack of effectiveness of chemical control of PB, in Western Poland. Many field experiments, conducted in our Institute confirmed these signals, especially in relation to pyrethroids (Mrówczyński 2003; Zamojska, unpublished data) . PB populations tested in presented research, in many cases, tolerated recommended concentrations of selected pyrethroids and neonicotinoid substance -acetamiprid. LC95 concentration levels for pyrethroids were much higher than concentrations recommended in Poland. The pest showed a high tolerance also to phosalone. The results point to changes of PB susceptibility level between 2005 and 2007, but the changes are not significant. It can be concluded that detoxification mechanisms developed in the past by Polish PB populations reached the level which is not getting significantly higher, although, in our opinion, there is such a possibility. In each tested population, there were susceptible individuals (being killed at recommended dose), moderately resistant (distinctly affected at recommended dose) and resistant (unaffected at recommended dose). Proportions of these groups within a population determines its susceptibility to chemical treatment and the field effectiveness of insecticides.
Nowadays chlorpyrifos-ethyl is the only active substance showing a high toxicity towards PB in Poland. Unfortunately, during the research period, no pyrethroids susceptible population was found in the Country. Also, no population was less susceptible to chlorpyrifos-ethyl. That is why we can suppose that a very high susceptibility of PB to chlorpyrifos-ethyl in populations tolerant to pyrethroids and acetamiprid is caused by PB physiological resistance mechanism based on oxidative enzymes (Malinowski 2003; Różański 1992; Slater and Nauen 2007) . When the main detoxification mechanism is the oxidative one (the mechanism was found in PB - Slater and Nauen 2007) , oxidative desulfuration of chlorpyrifos-ethyl leads to creating a much more toxic metabolite. A high synergism of pyrethroid insecticides with piperonyl butoxid and low with carbaryl ) have confirmed the above statements. It is the feature of other organophosphorous active substances too (Różański 1992) , except phosalone. Results showing a low toxicity of some pyrethroids and a very high toxicity of chlorpyrifos-ethyl suggest the existance of negative crossresistance phenomenon concerning chlorpyrifos-ethyl and pyrethroids at PB. However, this statement requires further research by using PB population susceptible to pyrethroids (that was not found in Poland). Interestingly, Colorado potato beetle which is also resistant to pyrethroids in Poland, in the contrary to PB, tolerates much higher concentrations of chlorpyrifos-ethyl but is not resistant to acetamiprid (Węgorek and Zamojska 2007) .
In case of studied pyrethroids, and organophosphorous insecticide -phosalone the survival of PB beetles in laboratory tests achieved a very high level and tolerated doses were much higher than those recommended in Poland. There were differences in susceptibility level of PB among pyrethroid active substances. Also in Germany, differences in susceptibility level of PB populations to pyrethroids were found (Heimbach et al. 2006) . In our research tau-fluvalinate and bifenthrin showed a stronger action and the worst action was observed in case of betacyfluthrin and zeta-cypermethrin. These results have suggested the possibility of chemical treatments failure under field conditions. Acetamiprid, which is the only neonicotinoid active substance recommended in Poland, was in our research more effective than pyrethroids. In spite of the fact that this substance has contact and oral action, a very quick contact action of this active substance against PB (comparable to pyrethroids) was observed. On the contrary to pyrethroids which caused excitement of surviving insects, individuals surviving the acetamiprid treatment showed slowness of reaction. It is noteworthy, because neonicotinoids, by acting on acetylocholine receptor, cause excitement of other insects (Nauen et al. 2001) . Research on the dynamics of tested active substances' action prove that first 24 hours are essential for their effectiveness .
A high susceptibility of PB to chlorpyrifos-ethyl should be taken into consideration in insecticide plant protection programs. Nowadays, Insecticide Resistance Management (IRM) programm is obligatory to control a negative effect of PB resistance phenomenon in Poland. Strategy of insecticide use in practical conditions must take into account many factors. The most important are: effectiveness of insecticide application, short-and longterm influence on environment -especially on beneficial fauna (a very important factor in case of oilseed rape -Węgorek, unpublished data), the dynamics of action in different weather conditions, products' formulations and physicochemical properties of chemical compounds. The level of mortality effect is only one of the factors and not the most important one in long-term PB -IRM strategy. In 2008, in the Institute of Plant Protection in Poznań the strategy of PB control was worked out and recommended in Poland. In connection with the fact that rape protection against pests in Poland requires minimum 3-5 treatments, the following programme of PB control has been proposed:
First chemical treatment -BBCH 51-54 -insecticides containing chlorpyrifos-ethyl;
Next chemical treatment -BBCH 55-59 -insecticides containing pyrethroids or acetamiprid; if two treatments would be needed in this period, the second one should be carried out by using a chemical group that was not used before. The usage of chlorpyrifos-ethyl in these phases is permissible only in case of mass attack of PB or in case of strong field resistance of a local population to pyrethroids or acetamiprid.
Since BBCH 60 it is advisable to use insecticides containing tau-fluvalinate or acetamiprid, taking into consideration rotation of chemical groups of insecticides.
